Introduction
To prevent wind-induced train accidents, railway companies are taking countermeasures such as establishing train operation control under strong winds and installing windbreaker fences. In Japan, a railway accident was caused by sudden gusting winds in 2005 in Yamagata Prefecture, which prompted the establishment of stricter shutdown criteria. However, the operation control sections where these criteria have been applied have been affected by frequent train delays. Therefore, railway companies need strong-wind countermeasures that balance transport safety against transport reliability.
Internationally, studies on the problem of crosswinds, such as the AOA DEUFRAKO project, have clarified that high-speed trains are sensitive to crosswind [1] [2] [3] . Moreover, in Japan, Hibino et al. proposed "a detailed equation" for the calculation of the critical wind speed for overturning (CWS) and verified its validity [4, 5] . Tanemoto et al. summarized aerodynamic force coefficients for metergauged railway vehicles; the coefficients were determined on the basis of a series of wind tunnel tests for analyzing the safety of train operation under strong winds [6] . Imai et al. researched a method for quantitatively evaluating the safety of trains in strong winds [7, 8] . This method evaluates safety by using the probability P x that a train running in an operational control section will encounter strong winds exceeding the CWS.
The CWS calculated by "the detailed equation" differs according to vehicle shape, the cross-sectional shapes of railway structures, and angles between the traveling directions of the train and the wind directions. However, previous studies [7, 8] use only the minimum value of the CWS according to the wind direction. Moreover, in probability models of natural wind occurrence for evaluating P x , the directions of natural winds are not considered. Although the use of the minimum value of CWS for train safety evaluations results in conservative P x values, P x may be overestimated. This paper reports the results of the calculation of P x by using probabilities of strong wind occurrence according to wind direction and the CWS according to angles between the traveling directions of the train and the wind directions, with the aim of evaluating P x more realistically.
Research methodology

CWS according to angle between the traveling directions of train and the wind directions
CWS are defined as the instantaneous wind speeds when the wheel load on the windward side of a railway vehicle under strong winds becomes zero; they are calculated using "the detailed equation" [4, 5] . The CWS varies according to the angles subtended between the wind direction and the train travelling direction (hereafter referred to as the wind angles). Figure 1 shows an example of the CWS according to the wind angles for a meter-gauged railway vehicle running at 100 km/h. Although previous studies [7, 8] have used only the minimum value shown in Fig.1 , our study used all of the values of CWS according to the PAPER wind angles to evaluate the safety of a train under strong winds.
Probability model of the maximum instantaneous wind velocity according to wind direction
Generally, the probability of the maximum instantaneous wind velocity over a period of several minutes follows the Weibull distribution [9] , and is expressed according to the probability density function (PDF), as shown in (1), and the cumuli tive distribution function (CDF), as shown in (2) .
where u is the maximum instantaneous wind velocity over a period of several minutes, and c and k are the Weibull coefficients. To model the probability of the maximum instantaneous wind velocity according to the wind direction, Weibull coefficients according to the wind direction, c d and k d are introduced. The PDF of the maximum instantaneous wind velocity according to the wind direction d is shown in (3) by using c d and
where u(d) is the maximum instantaneous wind velocity according to a wind direction d. Values of d range from 0° to 360° at intervals of 22.5°, corresponding to 16 azimuth directions (N, NNE, NE, …, NW, NNW).
To calculate c d and k d , a data set was collected for 10-min maximum instantaneous wind velocities and 10-min mean wind directions from 772 Automated Meteorological Data Acquisition System (AMeDAS) stations. AMeDAS is a surface weather observation network operated by the Japan Meteorological Agency, and the observation stations are situated throughout Japan at average intervals of 17 km (http://www.jma.go.jp/jma/en/Activities/observations. html). The Weibull coefficients c d and k d were calculated through least-square approximations using the collected data set. Figure 2 shows an example of the PDF distribution of the 10-min maximum instantaneous wind velocities according to 16 wind directions and the relative frequency of the 10-min mean wind directions. The PDF distribution shown in Fig.2 was obtained by using c d and k d at an AMe-DAS station located in a coastal windy area.
Probability model of the maximum instantaneous wind velocity exceeding CWS
Using (2), the probability of the maximum instantaneous wind velocity exceeding u is
To evaluate the running safety of a train in strong wind conditions, an index P x is introduced through (4), a CWS according to the wind angles Uc(θ), Weibull coefficients c d and k d and relative frequencies of wind directions (5).
where θ denotes the wind angles.
Estimations of P x
16 estimations of P x were made for a train in a virtual railway section, as shown in Fig.3 . The following assumptions were made with regard to the train and the virtual railway section: 1. The virtual railway section consists of two stations (stations A and B) and a single straight track viaduct with a length of approximately 16 km. 2. A train runs from station A to B in 10 minutes at a speed of 100 km/h. 3. The CWS according to the wind angles for the train in the virtual railway section follows the distribution shown in Fig.1 . 4. The probability of natural wind according to the wind direction and the relative frequency of the wind direction at any arbitrary point in the virtual railway section follows the distribution shown in Fig.2 . 5. 16 train traveling directions were examined for the virtual railway section, ranging from 0° to 360° at intervals of 22.5° (e.g., when the traveling direction of a train is 247.5°, it travels from west-southwest to east-northeast). Additionally, one case of P y was estimated: P y was obtained by substituting the minimum value of the CWS (31.9 m/s when the wind angle is 90°, as shown in Fig.1 ) and the Weibull coefficients c = 11.72 and k = 2.05 (i.e., the Weibull coefficients in the case of "all wind directions", the PDF distribution of which is shown in Fig.2 ) in (4). Table 1 lists the estimation results for 16 cases of P x and 1 case of P y . The values of P x varied from 6.2×10 -6 to 8.6× 10 -5 according to the traveling direction of the train in the virtual railway section, and the value of P y was 4.3×10 -4 . These values of P x ranged from 1.4 % to 20 % of the value of P y . This indicates that the result of safety evaluations for a train operating in strong winds differed depending on whether or not wind angles for CWS were considered and wind directions considered for the strong wind probabilities. Comparing the values of P x mutually, the maximum Fig. 3 Schematic diagram of a virtual railway section for estimation of P x (where traveling direction of a train is 247.5°, from WSW to ENE) value of P x was 8.6×10 -5 , which is approximately 14 times greater than the minimum value of P x (6.2×10 -6 ). According to Fig.1 , the CWS fell when the wind angle ranged between 45-112.5°. The wind angles are the angles between the traveling direction of a train and the wind direction of the natural wind (shown in Fig.3) . Therefore, the magnitude of the Weibull coefficients cd and kd and the relative frequencies of the wind directions in the case of the wind angles in the range of 45-112.5° have a great impact on the value of P x .
Results
Conclusions
With the aim of more realistically evaluating the safety of trains running in strong winds, the probabilities P x of strong wind occurrence exceeding the CWS were estimated by using the CWS according to the wind angle and the probabilities of strong wind occurrence according to wind direction.
The results indicated that the values of P x differed depending on whether or not wind angles for CWS were considered and wind directions considered for the strong wind probabilities. It was also found that the magnitude of the Weibull coefficients c d and k d and the relative frequency of the wind direction in the case of the wind angles ranging from 45° to 112.5° have a great impact on the value of P x .
The method for estimating P x introduced in this paper allows the evaluation of train safety in strong wind conditions by taking the wind direction into consideration. However, to establish a method for calculating P x that gives due consideration to operating regulations in Japan, "wind temporal fluctuations" proposed by researchers [7, 8] must be reanalyzed according to the wind direction. Future research will seek to reanalyze wind temporal fluctuations by using observational wind data from 772 AMeDAS stations and to investigate the effects on P x of wind temporal fluctuations according to wind direction.
